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Abstract 

cAMP-mediated PKA signaling is the main known pathway involved in nnaintenance of the endothelial barrier. Tight 
regulation of PKA function can be achieved by discrete compartmentalization of the enzyme via physical interaction with A- 
kinase anchoring proteins (AKAPs). Here, we investigated the role of AKAPs 220 and 12 in endothelial barrier regulation. 
Analysis of human and mouse microvascular endothelial cells as well as isolated rat mesenteric microvessels was performed 
using TAT-Ahx-AKAPis peptide, designed to competitively inhibit PKA-AKAP interaction. In vivo microvessel hydraulic 
conductivity and in vitro transendothelial electrical resistance measurements showed that this peptide destabilized 
endothelial barrier properties, and dampened the cAIVlP-mediated endothelial barrier stabilization induced by forskolin and 
rolipram. Immunofluorescence analysis revealed that TAT-Ahx-AKAPis led to both adherens junctions and actin cytoskeleton 
reorganization. Those effects were paralleled by redistribution of PKA and Racl from endothelial junctions and by Racl 
inactivation. Similarly, membrane localization of AKAP220 was also reduced. In addition, depletion of either AKAP12 or 
AKAP220 significantly impaired endothelial barrier function and AKAP12 was also shown to interfere with cAIVlP-mediated 
barrier enhancement. Furthermore, immunoprecipitation analysis demonstrated that AKAP220 interacts not only with PKA 
but also with VE-cadherin and R-catenin. Taken together, these results indicate that AKAP-mediated PKA subcellular 
compartmentalization is involved in endothelial barrier regulation. IVlore specifically, AKAP220 and AKAP12 contribute to 
endothelial barrier function and AKAP12 is required for cAIVlP-mediated barrier stabilization. 
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Introduction 

The vascular endothelium Hning the intima of blood vessels 
precisely regulates the passage of solutes, macromolecules, and 
leukocytes between the blood and the underlying tissue. Under 
inflammatory conditions, mainly in post-capiUary venules, loss of 
this primary function leads to formation of intercellular gaps and 
increased vascular permeability. The latter is a hallmark of several 
pathological processes (i.e. inflammation, aUergy, arteriosclerosis, 
edema, tumor growth and sepsis) and contributes to multi-organ 
faflure and death [1,2]. Therefore, understanding of the mecha- 
nisms maintaining endothelial barrier functions under resting 
conditions, as well as the signaling pathways leading to barrier 
impairment or recovery are of great biological and clinical 
importance. 

ParaceUular permeability is tightly regulated by coordinate 
opening and closing of mainly two types of endothelial ceU-ceU 
junctions, namely tight junctions (TJs) and adherens junctions 
(AJs). While TJs seal the interceUular cleft between ceUs, the AJs 
are providing mechanical strength. However, the junctional 
composition of intracellular clefts varies across the vascular tree 
[3]. Both junctional types are composed of transmembrane 
proteins, i.e. the tight junction protein claudin-5 and the adherens 
junction protein VE-cadherin. These junctional markers are 



associated with the cortical actin cytoskeleton via several adaptor 
molecules such as zonula occludens (ZO) proteins and catenins, 
respectively [4]. Numerous studies showed that modulation of 
endothelial barrier functions via actin cytoskeleton remodeling and 
ceU junction integrity can be controlled by members of the Rho 
family of small GTPases, i.e. RhoA, Racl and Cdc42 as well as by 
the Ras family GTPase Rapl. Although it is suggested that fine 
balance between activation and/or inactivation of these small 
GTPases is required for barrier maintenance, it is generaUy 
assumed that activation of RhoA impairs barrier function, while 
Racl and Cdc42 are considered to primarily stabilize barrier 
integrity [1,5,6,7]. It is now widely recognized that a number of 
barrier-stabilizating mediators activate Racl either directiy or 
indirectly via an increase in the concentration of the cellular 
second messenger cAMP. cAMP- dependent Racl activation can 
be achieved by both, exchange protein activated by cAMPl 
(Epacl)/Ras-related protein 1 (Rapl), and cAMP-dependent 
protein kinase A (PKA) signaling pathways. The latter is generaUy 
believed to be the predominant cAMP mechanism that exerts 
significant protection against the increase in endothelial para- 
ceUular permeability [8]. Furthermore, it is assumed that precise 
spatiotemporally regulated activation is essential for the response 
specificity of the PKA pathways. Thus, it was found that a key role 
in tight regulation and compartmentalization of PKA-dependent 



PLOS ONE I www.plosone.org 



1 



September 2014 | Volume 9 | Issue 9 | el 06733 



AKAPs in Endothelial Barrier Regulation 



signaling is played by A kinase-anchoring proteins (AKAPs) [9]. 
AKAPs are a large structurally diverse family of functionally 
related proteins that contain a conserved amphipathic helix PKA 
binding motif and function to localize PKA-AKAP complexes at 
discrete compartments within the cell such as plasma membrane, 
endoplasmic reticulum, mitochondria or Golgi complex [10]. By 
anchoring the inactive PKA to defined cellular sites, AKAPs allow 
specific placement of the holoenzyme at regions of cAMP 
production and thus to propagate confined phosphorylation of 
only a subset of potential substrates located in close proximity. 
AKAPs are also scaffolding proteins tethering not only PKA, but 
also other molectiles involved in cAMP signaUng such as adenylyl 
cyclases (AGs), phosphodiesterases (PDEs), Epacl, which is 
guanine- nucleotide exchange factor (GEF) of Rapl and protein 
phosphatases [1 1,12,13,14,15,16]. Thus, AKAP complexes assem- 
ble PKA with a determined set of signal transduction (i.e. kinases) 
and termination (i.e. phosphatases, phosphodiesterases) molectdes 
as well as with a variety of other members of different signaling 
pathways. Therefore, AKAPs organize crosstalk across diverse 
paths in the cell's signaling networks [9,17]. 

Although the protective effects of cAMP/PKA signaling for 
endothelial barrier regulation are well recognized, it is not yet 
clear by which mechanisms PKA is located close to cell junctions. 
Based on our previous investigations, we speculated that 
compartmentalized cAMP-signaling by AKAPs contribute to 
endothelial barrier integrity. Thus, we investigated the importance 
of AKAP function for maintenance of the cAMP/PKA-dependent 
endothelial barrier in vivo and in vitro. 

In order to modulate AKAP function, we used a modified 
analog of a cell-permeable synthetic peptide designed to compet- 
itively inhibit PKA-AKAP interaction [18]. This peptide, named 
TAT-Ahx-AKAPis, is comprised of two functional peptides, TAT 
and AKAPis, connected via an aminohexanoic (Ahx) linker. 
AKAPis is a precisely designed sequence with high-affinity binding 
and specificity for the PKA regulatory subunit (RII) which enables 
a higher dissociation effect on the PKA-AKAP anchoring than the 
widely used Ht31 synthetic peptides [18]. The second functional 
unit, commonly denoted as TAT, is a cell-penetrating peptide 
derived from the TAT protein of human immunodeficiency virus 
(HIV-1). The TAT peptide possesses a high ability to mediate the 
import of membrane-impermeable molecules such as DNA, RNA, 
peptides and even whole proteins into the cell [19]. 

Although approximately 50 AKAPs have been identified in 
different cell types, Kttie is known about the AKAP expression 
profile and function in endothelial cells. In the current investiga- 
tion, besides AKAP 12, which has already been found in 
endothelium and its involvement in regulation of endothelial 
integrity has been reported [20,21,22,23], we focused on 
AKAP220. The latter was recentiy shown to contribute to the 
integrity of the cortical actin cytoskeleton [24], but was also 
suggested to link cAMP signaling to cell adhesion [25]. Both 
AKAP220 and AKAP12 are expressed in endothelial cells 
according to microarray data pubhshed in GeneCards database 
(http://www.genecards.org/). 

In this study, by using in vivo and in vitro techniques, we 
provide evidence that AKAP-mediated PKA subcellular compart- 
mentalization contributes to endothelial barrier integrity. Our data 
furthermore suggest AKAP220 and AKAP 12 to be involved in 
these processes. 



Materials and Methods 

Cell culture 

Human Dermal Microvascular Endothehal Cells (HDMECs) 
were obtained from PromoGeU (Heidelberg, Germany). The cells 
were grown in Endothelial Cell Growth Medium MV containing 
supplement mix provided by the same company. Passage of the 
cells was performed by using Detach kit (PromoCell). AH 
experimental procedures were carried out with HDMEC from 
passage 2 to 5 [26] . Additionally, an immortalized microvascular 
endothelial cells (MyEnd), previously isolated from murine 
myocardial tissue were used for the experiments. Cell generation 
and characterization have been described elsewhere [27,28]. Cells 
were cultured in DMEM (Life Technologies, Karlsruhe, Ger- 
many), supplemented with Penicillin G/Streptomycin (50 U/ml) 
(Sigma-Aldrich, Munich, Germany) and 10% Fetal Calf Serum 
(FCS) (Biochrom, Berlin, Germany). 

Both cell types were cultured at 37°C in a humidified 
atmosphere of 5% CO2. 

Antibodies and test reagents 

The polyclonal rabbit anti-PKA RII alpha (sc-908) and the goat 
anti-VE-cadherin (sc-6458) antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, U.S.A.). Detection of VE- 
cadherin in MyEnd cells was performed by using rat anti-VE- 
cadherin mAb (clone 11D4.1; undiluted hybridoma). The mouse 
monoclonal anti-PKA RII beta (Cat.^^ 610625) and anti-f3-catenin 
(Cat.# 610154) antibodies w(-rc obtained from BD Biosciences 
(Franklin Lakes, U.S.A.). The mouse monoclonal anti-AKAP12 
antibody (ab49849) was acquired from Abeam (United Kingdom). 
The rabbit polyclonal anti-AKAP220 antibody was kindly 
provided by John Scott (Howard Hughes Medical Institute, 
Department of Pharmacology, University of Washington School of 
Medicine). 

To increase cAMP levels, Forskolin (F), (Cat.# F6886) and 
Rohpram (R), (Cat.#R6520) purchased from Sigma-Aldrich (St. 
Louis, U.S.A.) were used in combination for 1 hour at 
concentrations of 5 and 10 |a,M, respectively. In addition, cell- 
permeable synthetic peptide TAT-Ahx-AKAPis 
(GRKKRRQRRRXQIEYLAKQIX'DDNAI) was utilized to 
competitively inhibit the interaction between the PKA regulatory 
subunit II (RII) and AKAPs. By using the ECIS system, 
preliminary concentration- effect experiments determined the 
effectiveness of the peptide on endothelial barrier stability (data 
not shown). The analysis revealed that 30 |.lM inhibitory peptide, 
dissolved in sterile distilled water with 10% DMSO, is the most 
effective peptide concentration for modification of endothehal 
barrier integrity. In parallel, experiments were conducted with 
TAT-Ahx-mhK77 scrambled synthetic peptide 

(GRKKRRQRRRXQFSSQSAFSSRSRRARS). The latter is 
similar to the inhibitory peptide regarding molecular weight, 
isoelectric point and amino acid composition. Both peptides were 
synthesized by Peptide Specialty Laboratories GmbH (Heidelberg, 
Germany). Simultaneously, a control condition (vehicle) was run. 
This internal control is composed of medium containing DMSO 
in a concentration corresponding to the one used for dissolving the 
peptides. 

Raci activation assay 

To quantify the levels of Racl activity in cells, a Rac G-Lisa 
Activation Assay Biochem Kit (Cytoskeleton, Denver, CO; 
Cat.^BK126) was used. Briefly, confluent monolayers of 
HDMEC and/ or MyEnd cells were incubated either in the 
absence or the presence of TAT-Ahx-AKAPis. Parallel adminis- 
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tration of scrambled TAT-Ahx-mhK7 7 peptide was carried out. 
Besides F/R application, vehicle was applied as an additional 
control. Cells were lysed and the lysates were processed according 
to the manufacturer's instructions. The absorption was measured 



at 490 nm using a TECAN, Infinite 200 PRO microplate reader 
(Tecan, Austria). 




Figure 1. TAT-Ahx-AKAPis significantly reduced microvascular endothelial barrier function and reverted F/R- mediated barrier 
stabilization. TER measurements were carried out to monitor endothelial barrier alterations in response to different mediators and synthetic 
peptides. (A) displays the time course of TER measurements under various experimental conditions for HDMEC. The first arrow indicated the time 
point of TAT-Ahx-AKAPis and/or TAT-Ahx-mhK77 addition. 1 hour after the first application, F/R was added (second arrow). (B) summarizes the results 
after 600 min, the time point at which the monitored effects reached their peaks. TAT-Ahx-AKAPis significantly decreased TER compared to control/ 
vehicle condition and treatment with scrambled peptide (TAT-Ahx-mhK77) starting at 80 min after application for HDMEC. F/R addition resulted in 
pronounced and continuous increase of TER after 1 hour. A similar effect was detected after pre-incubation with TAT-Ahx-mhK77 scrambled peptide. 
In contrast, 1 hour pre-treatment with TAT-Ahx-AKAPis initially reduced, but subsequently did not abolished the effect of F/R. (C) To further test the 
effect of TAT-Ahx-AKAPis on F/R- mediated enhancement of endothelial barrier function, HDIVIEC cells were exposed to F/R for 1 hour (first arrow) and 
post- incubated with TAT-Ahx-AKAPis inhibitory peptide (second arrow). (D) graphically represents the statistical outcome of the data presented in 
panel (C). Based on ANOVA multiple analysis, the most significant peaks of the monitored effects were determined at 1000 min. At that time point 
(1000 min), the similarly responding TAT-Ahx-AKAPis- and F/R-FTAT-Ahx-AKAPis- cell monolayers displayed TER significantly lower than the one in 
control monolayers. In contrast, F/R- mediated enhancement in TER remained constant over time. Data were collected from more than three 
independent experiments (N >3, na4-10). *** psO.001, ** psO.01, * psO.05, indicate statistically significant difference between examined groups, 
n.s. - not significant. 
doi:1 0.1 371/journal.pone.01 06733.g001 
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Measurement of transendothelial resistance (TER) 

An ECIS Z Theta system (Applied Biophysics Inc, Troy, 
U.S.A.) was used to assess tlie endotiielial barric'r integrity of 
confluent and subconfluent cell monoku'crs as prc'\'iousl}' de- 
scribed [29]. In short, the cells were grown to confluency on gold 
microelectrodes 8W10E+ (Ibidi, Germany, Cat.# 70040). MyEnd 
were seeded on gelatin-coated gold electrodes, HDMEC were 
grown on uncoated arrays. HDMEC cells reached confluency in 
between 8 to 1 0 days, while MyEnd formed a confluent monolayer 
within 3 to 4 days. Directly before the experiment, the medium 
was exchanged and the arrays were mounted onto the holders of 
the ECIS system, placed in an incubator (37°C, 5% CO2). For 
both cell types, the optimal frequency to analyze the changes in the 
transendothelial resistance was identified as 4000 Hz. After short 
equilibration for approximately 15 to 20 min, the baseline 
resistance was recorded for another 1,5 min, followed by applica- 
tion of the test reagent to each well yielding a final well volume of 
400 |il. 

For some experiments, the effect of AKAPs on endothelial 
barrier formation was tested by TER measurements initiated in 

subconfluent cell monolayers transiently transfected with specific 
siRNA. Cell confluency was determined by a light microscopy, 
subsequently the basal transendothelial electrical resistance was 
measured by ECIS system. Subconfluent MyEnd cells had a basal 
resistance of 550 to 800 ohm. The resistance monitored in 
confluent cell monolayers was above 800 ohm and reached values 
of approximately 1 400 ohm. 

Immunoprecipitation (IP) and Western blot (WB) analysis 

MyEnd cells were grown to confluence. After quick washing 
with ice-cold PBS, the cells were incubated for 10 min with pre- 
chiUed precipitation buff'er (0.5% Nonidet-40, 10 mM HEPES 
(pH 7.9), 1.5 mM MgCl^, 10 mM KCl, 5 mM EDTA), to which 
complete protease inhibitor cocktail (Cat.# 11697498001, 
Roche) was freshly added. Cells were scraped and the homoge- 
nized suspension was clarified by centrifLigation at 6000 g for 
5 min, at 4°C. The supernatant was transferred to a fresh reaction 
vial and the protein concentration was estimated using the 
Bradford assay [30]. For immunoprecipitation with either rabbit 
anti-PKA or goat anti-VE-cadherin antibodies, cell lysates with 
400-600 (ig of total protein amount were pre-cleaned (for 1 hour 
at 4°C) by incubation with Protein G Plus-Agarose (Calbiochem 
Merck, Darmstadt, Germany Cat.#IP08). The resulting superna- 
tant was incubated for 3 hours at 4°C with 1, 5 |a,g of defined 
antibody. To each sample, 25 |al of beads were added and 
overnight incubation at 4°C on a rocker platform was carried out. 
The beads with attached immunoprecipitated complexes were 
collected by centrifugation at 6000 g for 2 min, washed 3 times 
with cold washing bufier (0,05% Nonidet-40, 10 mM HEPES 
(pH 7.9), 1.5 mM MgClg, 10 mM KCl, 5 mM EDTA) and 
resuspended in Laemmli buffer. Boiling at 95°C for 5 min serves 
to denature proteins and detach them from the beads. The 
immunoprecipitated complexes were separated on a SDS-PAGE 
gel, transferred to a nitrocellulose membrane and analyzed by 
Western blot (WB) assay [29]. The AKAP220 antibody was used 
in 1:500 dilution, detection of AKAP12 was done with antibody 
diluted 1:5000. All other antibodies were used in 1:1000 dilution. 
Secondary antibodies were diluted 1:3000. 

ImageJ software was used to quantitatively assess the Western 
blot data. Same size rectangular areas were drawn around each 
band of interest and the signal intensity within the area was 
measured. Similarly, the fluorescence intensity determined at 
identically sized rectangles surrounding regions under or above the 
bands served as background. For the immunoprecipitation 



experiments, subtraction of the intensity determined within the 
control IP (IP: Beads, no Ab) was performed as well. Then the 
signal intensity was normalized either to the fluorescence intensity 
of housekeeping proteins (loading control) or to the intensity of the 
protein used to pull down desired protein complex. In order to 
combine all experiments, the data were presented as percent of 
control. 

Immunofluorescence (IF) analysis 

Detailed description of the assay was previously published [29] . 
In short, HDMEC were ctdtured to confluency on uncoated glass 
cover sKps. Control cells or cells treated with different test reagents 
as specified below were washed with PBS, fixed with 2% 
formaldehyde for 10 min at room tc-mpcrature (RT) and, after 
washing with PBS, were permeabilized with 0,1% Triton X- 1 00 in 
PBS. The adherent cell monolayer was blocked for an hour with 
10% normal goat or donkey serum in 1% BSA/PBS followed by 
overnight incubation at 4°C with primary antibodies. After 
washing with PBS, the respective secondary' antibodies conjugated 
with Cy3 (1 hour, RT) were applied. In addition, for visualization 
of filamentous actin, 1:100 diluted ALEXA488-conjugated- 
phalloidin was added to the secondary antibody. Images were 
obtained by using a confocal microscopy setup (Leica SP5, 
Mannheim and Wetzlar, Germany) equipped with a HCX PL 
APO Lambda blue 63x 1.4.oil objective (Leica), with the same 
settings for all conditions tested. 

Quantification of protein distribution was carried out using 
ImageJ computer software. For intensity determination, a rectan- 
gle was drawn over more than 15 randomly chosen areas of 
HDMEC plasma membrane in at least three independent 
experiments. The mean intensity distribution of proteins examined 
was recorded for each depicted rectangle. A region next to the cell 
without specific fluorescence was selected as the respective 
background. In order to combine and compare all immunofluo- 
rescence experiments, the data was presented as percent of control 
(vehicle). 

Transfection with small interfering RNA (siRNA) 

Down-regulation of mouse specific AKAP12- and AKAP220 
mRNA was obtained by using ON-Target SMARTpool siRNA 
(Dharmacon Thermo Fisher Scientific, Waltham, U.S.A.; Cat.^ 
L-046094-00-0005371,00 and Cat.#L-0480 15-00-0005, respec- 
tively). As a negative control, ON-TARGET plus Non-Targeting 
siRNAs fDharmacon, Cat.# D-00 18 10-10-20) was applied. The 
siRNA was delivered into the cells by applying TurboFect in vilro 
transfection reagent (Fermentas, St. Leonrot, Germany, Cat.^ 
R0531). The transient transfection was carried out according to 
the manufacturer's protocol. Briefly, after 20 min pre-incubation 
at RT, the transfection solution composed of TurboFect, siRNA 
and serum- free DMEM was diluted into serum-containing 
medium and added dropwise to MyEnd cells with 60-70% 
confluence. 48 hours after transfection, AKAPs-depletion was 
confirmed by Western blot. 

For ECIS-based measurements, MyEnd were transfected with 
specific siRNA at 70% confluency. 24 hours after transfection 
medium was exchanged and TER was monitored. Basal and 
cAMP- stimulated Racl activities were examined 48 hours after 
siRNA transfection in control cells or cells treated with F/R, 
respectively. 
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Animal preparation and measurement of hydraulic 

conductivity (Lp) of the microvessel wall 

A detailed description of the animal preparation and the 
microvessel Lp measurements was reported elsewhere [27,31]. AU 
experimental protocols and procedures were consistent with the 
requirements of the National Institute of Health "Guide for the 
Care and the use of Laboratory Animals" and approved by 
Government of Lower Franconia (Az 55.2-2531.01-24/09). Wistar 
rats (Charles River Laboratorie.s, Sulzfeld, Germany), with body 
weight ranging from 250 to 450 g, were anesthetized by 
subcutaneous injection of pentobarbital sodium at a dose of 
65 mg/kg. The anesthetic substance and its way of application 
were chosen not to interfere with blood vessel permeability. In 
addition, depth of anaesthesia was checked regularly by animal's 
reaction to foot pad pinching. Supplemental anaesthetic was given 
only if the above mentioned reaction was positive. The experi- 
ments were carried out using straight, non-branched segments of 
mesenteric venular microvessels (25 to 35 |Xm in diameter). As 
descried earlier, the Lp measurements of the microvessel wall are 
based on the modified Landis technique, which measures the 
volume flux of fluid per unit surface area of the vessel (Ji/S), which 
was canulated with a glass micropipette and occluded in advance 
[32,33]. During measurements, the hydratilic pressure of ususiUy 
50 cm HjO was constant with the assumption that the net 
effective pressure determining fluid flow (Pefl) was equal to the 
applied hydraulic pressure minus 3 cm H9O (the approximate 
oncotic pressure contributed by BSA in all perfusates (10 mg/ml)) 
[27]. For each occlusion, Lp was estimated as (/v/S)/PefiF. All 
perfusates were mammahan Ringer's solution containing 10% 
BSA (Sigma-Aldrich) with or without TAT-Ahx-AKAPis inhibi- 
tory synthetic peptide. Measurements were performed every 
10 min for up to 120 min in the presence and absence of the 
synthetic peptide. Each animal was used for a single experiment 
only. After experimental completion, the unconscious rats were 
euthanized by intracardial injection of saturated KCl solution. 

Statistical analysis 

The data were processed using Prism Software version 5 (Graph 
Pad, San Diego, U.S.A.). All values are expressed as means ± 
SEM. While 2-tailed pairc-d Student's t-test was used to compare 
two groups. One-way Analysis of Variance (ANOVA) followed by 
a Tukey's or Bonferoni's Multiple comparison tests were applied to 
determine the diflerences among multiple groups. The results were 
considered statistically significant at p£0.05. 

Results 

TAT-Ahx-AKAPis peptide impaired endothelial barrier 
properties in vitro 

To study the role of AJCAP-mediated PKA subcellular 
anchoring for maintenance of endothelial barrier properties, we 
used a cell-permeable synthetic peptide (TAT-Ahx-AKAPis) 
designed to disrupt the endogenous PKA-AKAP complex [18]. 
Confluent microvascular endotheUal cells were treated with TAT- 
Ahx-AKAPis (30 |iM) and subjected to continuous TER mea- 
surements. In HDMEC, application of TAT-Ahx-AKAPis signif- 
icantly decreased TER after 80 min incubation (80.4±2.04% of 
baseline \'alucs) compared to control conditions (vehicle: 92± 1.2% 
of baseline (p<0,01) and TAT-Ahx-mhK77:90± 1.93% of base- 
hne (pS0,05) (Figure 1, A). Microvascular murine MyEnd cells 
responded similarly but slower to the inhibitory peptide (Figure 
SI). Nonetheless, in both cell t)pes, TAT-Ahx-AKAPis induced a 
slowly progressive decrease in TER. In HDMEC, after 600 min of 
application, values reached 58 ±3%, whereas the values in control 



cells treated with vehicle remained stable (101 ±2.4%) (Figure 1, A 
- B). In contrast, treatment with TAT-Ahx-mhK77 did not affect 
TER in HDMEC (100±2.0%) (Figure 1, A - B). 

The AC activator forskolin and the PDE IV inhibitor rolipram 
(F/R) increase cAMP levels and subsequently activate Racl, the 
latter was found to be at least in part required for maintenance of 
endothelial barrier properties [7,29,34,35]. Thus, in line with 
previous studies [29,36], treatment with F/R (5 nM/10 \lM) 
increased TER within 1 hour in both cell lines, with the effect 
being more prominent in HDMEC. Within the first hour, F/R 
rapidly increased TER in HDMEC (139±5.6%) and remained 
constantly elevated while in controls no significant changes were 
detected (92±1.2%). After 600 min, F/R reached its maximal 
effect compared to control conditions with values being 
143±8.4% (Figure 1, A-B). Interestingly, in contrast to the 
pretreatment with scrambled peptide (TAT-Ahx-mhK77), where 
no significant alterations in the F/R effect (detected in control 
conditions) were observed, pretreatment with the TAT-Ahx- 
AKAPis inhibitory peptide diminished the F/R-mediated increase 
in TER relative to control levels. This effect of TAT-Ahx-AKAPis 
was also clearly detectable in MyEnd cells but again was evident 
later (Figure SI). To further evaluate the effect of TAT-Ahx- 
AKAPis on F/R- mediated endothelial barrier stabilization, 
HDMEC monolayers treated for 1 hour with F/R were 
subsequently subjected to TAT-Ahx-AKAPis peptide (Figure 1, 
C). The analysis revealed that 1 hour after TAT-Ahx-AKAPis 
application TER was similar in cells treated with F/R+TAT-Ahx- 
AKAPis or F/R alone (F/R+TAT-Ahx-AKAPis: 126±7%; FR: 
127±1%). However, starting 100 min after peptide addition TER 
decline and after 230 min was comparable to experiments in 
which cells were treated with TAT-Ahx-AKAPis alone (at 
300 min: F/R+TAT-Ahx-AKAPis: 82.4±10.7%; TAT-Ahx- 
AKAPis: 76± 1.4%, Figure 1, C). Thus, the mo.st significant peaks 
of the monitored effects were determined at 1000 min, the time 
point where similarly responding TAT-Ahx-AKAPis and F/R-l- 
TAT-Ahx-AKAPis monolayers displayed TER significantly lower 
than that of the control cells. In contrast, treatment of HDMEC 
with F/R significantly increased TER compared to controls as 
TER remained continuously elevated during the entire experi- 
ment (Figure 1, D). 

Taken together, these results indicate that TAT-Ahx-AKAPis 
was sufficient to disrupt microvasctdar endothelial barrier prop- 
erties, presumably via preventing AKAP-PKA complexation. 
Additionally, post-treatment with TAT-Ahx-AKAPis reverted F/ 
R- mediated barrier stabilization whereas the pretreatment with 
the synthetic peptide was uneffective to completely abolish the 
barrier enhancing effect of F/R. 

TAT-Ahx-AKAPis-induced endothelial barrier disruption 
was paralleled by VE-cadherin reorganization and actin 

cytoskeleton remodeling 

Endothelial barrier functions are dependent on the organization 
of junctional complex and the actin cytoskeleton [35] . Therefore, 
possible alterations of these structures accompanying the TAT- 
Ahx-AKAPis-induced decrease in TER were investigated by 
immunofluorescence studies in HDMEC. Subsequentiy, measure- 
ments of the fluorescence intensity along cell borders served to 
quantitatively assess changes in the distribution of membrane 
associated proteins. Beside the adherens junction protein VE- 
cadherin, filamenteous (F-) actin, and PKA, stainings for AKAP12 
and 220 were also performed. The AKAP 12 and 220 expression 
profiles were initially evaluated by Western blot in human and 
mouse microvascular endothelial cells (Figure 2, A and B). The 



PLOS ONE I www.plosone.org 



5 



September 2014 | Volume 9 | Issue 9 | el 06733 



AKAPs in Endothelial Barrier Regulation 



I 



)AKAP220 
j alpa tubulin 

F-actin 



300 kDa 
50kDa 



AKAP220 



AKAP12 
alpha tubulin 

AKAP12 








PKA 





« * * 


y 

• > 






















» * * 

)*^'..;,. 




• 








> H 

■ t 



H 



VE-cadherin 



O 150-, 



In 



AKAP220 



.S § 

D « 100 



I I 

III 



AKAP12 



S "O 150 



S 8 50-1 



mm 



PKA 



3 ■& 



Figure 2. Effects of PKA compartmentalization on adherens junctions, actin cytoslceleton and AKAP organization. To determine the 
AKAPs protein expression profile, equal amounts of IVlyEnd and HDIVIEC cell lysates (20 [xg per line) were subjected to WB analysis. The expression 
patterns of AKAP220 (A) and AKAP12 (B) were analyzed. Loading was controlled by alpha tubulin expression. Data are representative of three or more 
independent experiments (N>3). In addition, HDMEC monolayers were treated for 1 hour either with vehicle, TAT-Ahx-AKAPis, TAT-Ahx-mhK77, F/R 
or with a combination of 1 hour TAT-Ahx-AKAPis pretreatment followed by 1 hour F/R application. The distributions of VE-cadherin, PKA, AKAP220 
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and AKAP12 were assayed by Immunofluorescence. Additionally, ALEXA-488-conjugated phalloidin was used for visualization of F-actin. (C) Under 
control condition, VE-cadherin displayed slightly interdigitated but continuous staining along cell borders, and the actin cytoskeleton was 
preferentially organized cortically. The staining of AKAP220, AKAP12 and PKA was detectable at cell borders (arrows). (D) In clear contrast, exposure to 
TAT-Ahx-AKAPis increased interdigitations and significantly reduced the intensity of VE-cadherin staining. Profound reorganization of the actin 
cytoskeleton was paralleled by substantial reduction of AKAP220 and PKA, but not of AKAP12 membrane staining. (E) However, cell monolayers 
incubated with TAT-Ahx-mhK77 showed immunofluorescence staining similar to control for all proteins under investigation. (F) Not surprisingly, F/R 
treatment resulted in pronounced and linearized VE-cadherin appearance, intensified cortical actin cytoskeleton, and pronounced membrane 
staining for AKAP220, AKAP12 and PKA compared to control conditions. (G) 1 hour pre-incubation with TAT-Ahx-AKAPis followed by 1 hour 
treatment with F/R resulted in monolayers largely similar to controls, but not to F/R incubation alone. Images are representative of three or more 
independent experiments (N >:3). Scale bar =20 \im. The above presented data were confirmed by quantification of signal intensity distribution at 
cell borders. (H-K) demonstrates the mean intensity peak observed at cell borders (naiS). *** p<0.001, ** p<0.01, * p<0.05, indicate statistically 
significant difference between examined groups; n.s., not significant. 
doi:1 0.1 371 /journal.pone.01 06733.g002 



analysis revealed more prominent expression of AKAPs in MyEnd 
cells. 

HDMEC monolayers were treated for 1 hour either with 
vehicle solution, TAT-Ahx-AKAPis, corresponding scrambled 
peptide or F/R. In addition, a regimen of 1 hour TAT-Ahx- 
AKAPis pretreatment followed by 1 hour F/R application was 
carried out. The cell monolayers incubated with vehicle solution 
displayed sUghdy interdigitated but continuous VE-cadherin 
staining along cell borders as well as few stress fibers localized 
predominantly in cortical regions (Figure 2, C). Peripheral 
membrane localization was partially visible for AKAP220, 
AKAP12 and PKA (Figure 2, C, arrows). However, when 
HDMEC were treated with TAT-Ahx-AKAPis, pronounced 
reorganization of the actin cytoskeleton accompanied by enhanced 
interdigitations and decreased staining intensity of VE-cadherin 
were detectable (Figure 2, D, H). This was paralleled by 
considerable reduction of PKA and AKAP22() but not AJCAP12 
membrane staining (Figure 2, D, I-K) indicating that at least in 
the case of AKAP220 the peptide was effective in disrupting PKA 
anchorage at sites of cell contacts. In contrast, the proteins under 
investigation showed distributions similar to controls when 
monolayers were treated with scrambled synthetic peptide 
(Figure 2, E, H-K). Compared to controls, as reported previously 
[26,29], F/R treatment resulted in more intense and linearized 
VE-cadherin staining (Figure 2, F, H). Moreover, membrane 
staining for AKAP12, AKAP220 and PKA was also more 
pronounced (Figure 2, F, I-K). This was accompanied by 
intensified cortical actin staining (Figure 2, F). In good agreement 
with the TER data pre-incubation with the inhibitory peptide 
interfered with the initial effect of F/R. HDMEC monolayers 
appeared more similar to controls (Figure 2, G— K). In summary, 
the above presented data showed that TAT-Ahx-AKAPis induced 
reorganization of both endothelial adherens junctions and the 
actin cytoskeleton as well as caused AKAP220 and PKA relocation 
from the membrane. 

In endothelial adherens junctions, VE-cadherin in addition to a 
variety of structural proteins (i.e. fi-catenin, pl20-catenin and 
plakoglobin) associates with several molecules participating in 
cAMP signaling such as PKA, PDF IV and Epacl [37]. On the 
other hand, it is well known that PKA is tethered by AKAP220 
[38] and the latter was suggested to be connected to cytoskeletal 
structures [39]. Therefore, we speculated that PKA via AKAP220 
interacts with junctional complexes which may be required for 
stabilization of the endothelial barrier. To test this hypothesis, 
MyEnd lysates were subjected to immunoprecipitation. The 
analysis confirmed a complex consisting of AKAP220, PKA, fi- 
catenin and VE-cadherin. Both, pulling down VE-cadherin or 
PKA, respectively, yielded the same results (Figure 3, A and B). In 
addition, to monitor the changes in the complex composition as a 
result of TAT-Ahx-AKAPis and/or F/R treatment, PKA pull- 
down in lysates derived from cells treated either with synthetic 



inhibitory peptide or with F/R was carried out. PKA pull-down in 
cells subjected to scrambled peptide was used as respective control. 
Compared to TAT-Ahx-mhK77 treatment, application of TAT- 
Ahx-AKAPis reduced the band intensities for AKAP220 as well as 
for VE-cadherin and B-catenin indicating decreased association 
with PKA. In contrast, F/R enhanced B-catenin-, VE-cadherin- 
and AKAP220- band intensities (Figure 3, C-D). 

AKAP12 and AKAP220 are involved in regulation of 
endotlielial barrier function 

To further investigate the role of AKAPs, the effect of 
AKAP220- and AKAP12- specific depletion on endothelial barrier 
function was determined and compared to treatment with TAT- 
Ahx-AKAPis. Subconfluent MyEnd cells were transiently trans- 
fected either with AKAP220- or AKAP12- specific siRNA or with 
n.t siRNA, respectively. 24 hours after siRNA application, TER 
measurements were initiated (Figure 4, A). The beginning of the 
TER measurements was also the initial point of TAT-Ahx- 
AKAPis peptide application. The experiments were continued for 
additional 46 hours. The time window was estimated by Western 
blot analysis validating the efficiency of the gene silencing in 
MyEnd treated with AKAP-specific siRNAs (Figure 4 C, D). 

Control cells transfected with n.t. siRNA increased TER over 
time to values of 128.6±3.95% of baseline (Figure 4, A). In 
contrast, siRNA-mediated AKAP12 and AKAP220 knockdown 
initially decreased TER and subsequentiy abolished barrier 
stabilization (104±4.3% and 108±3.6%, respectively). Similar, 
but more significant was the effect upon TAT-Ahx-AKAPis 
inhibitor)' treatment (98±7.6'M)). Thus, these data indicate that 
besides AKAP12 and AKAP220 possibly other AKAPs are 
involved in the regulation of endothelial barrier function. 

In order to estimate the effect on cAMP-mediated endothelial 
barrier function, F/R was applied to cells either transientiy 
depleted of specific AKAPs or treated with n.t. siRNA (Figure 4, 
B). The results indicate that depletion of AKAP12, but not of 
AKAP220 significantly decreases the effect of cAMP-mediated 
endothelial barrier stabilization. These data suggest that both 
AKAPs alter endothelial barrier function but only AKAP12 
modifies the subsequent cAMP-mediated endotheUal barrier 
enhancement. 

Disruption of the PKA-AKAP endogenous complex 
reduced Raci activity 

Our data demonstrate that TAT-Ahx-AKAPis-mediated dis- 
ruption of the endogenous PKA-AKAP complex attenuated 
endothelial barrier functions under resting conditions. Since 
cumulative evidence shows that cAMP governs microvascular 
barrier properties, at least in part, in a Racl -dependent manner 
[3.5,40,41], we investigated the effect of TAT-Ahx-AKAPis on 
Racl localization and activity. Immunofluorescence analysis in 
HDMEC revealed that, under control conditions, Racl staining 
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Figure 3. PKA and AKAP220 form a complex with junctional-associated proteins VE-cadKierin and B-catenin. A complex consisting of 
PKA, R-catenin, VE-cadherin and AKAP220 was detected in MyEnd either by pulling down VE-cadherin (A) or PKA (B). Immunoprecipitated proteins 
and their binding partners were detected in the lysates used for immunoprecipitation. The lysates were loaded at the first lane and denoted as an 
"Input". Immunoprecipitation without antibody (IP: Beads, no Ab) was used as a negative control. Every other lane represents proteins in complex 
under different experimental conditions. (C) To test the role of PKA compartmentalization on the stability of the determined complex, PKA pull down 
was performed in cells treated either with inhibitory or with the respective scrambled peptide. Additionally, the effect of F/R on complex stability was 
analyzed. (D) summarizes data collected from three independent immunoprecipitation experiments. Firstly, intensity readings for each band were 
background corrected. Secondly, data was modified by substraction of "non-specific background intensities" detected in IP without Ab (negative 
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control). Since PKA was used to pull-down the complex, signal intensity of the immunoprecipitated proteins was normalized to the band intensity of 
PKA (represented as fold changes of PKA staining intensity). As a final, the data was presented as percent of IP: PKA, TAT-Ahx-mhK77. The analysis 
revealed decreased complex association of G-catenin, VE cadherin and AKAP220 after TAT-Ahx-AKAPis treatment. In contrast, F/R application led to 
stabilization of the complex indicated by more prominent intensities for bands representing B-catenin, VE-cadherin and AKAP220. Noncontiguous 
bands run on the same gel are separated by a black line. Images are representative of three independent experiments (N = 3). 
doi:1 0.1 371 /journal.pone.01 06733.g003 



was in part detectable along cell borders, (Figure 5, A, arrows). 
Such membrane localization of Racl was previously correlated 
with an increase in its activity. In this respect, our previous study 
showed that constitutively active Racl localized to cell- cell 
borders in endothelial cells whereas this effect was not observed in 
cells transfected with dominant negative Racl [42]. However, 
strong reduction of Rac 1 membrane staining and relocation to the 
cytoplasm were detected after TAT-Ahx-AKAPis application 



(Figure 5, C). Further densitometric assessment of the immuno- 
fluorescent data confirmed these observations (Figure 5, E). 
Consistently, Racl rearrangement was paralleled by altered 
GTPase activity in HDMEC and MyEnd cells as measured by 
G-LISA Rac activation assay (Figure 5 F-G). However, treatment 
with TAT-Ahx-mhK7 7 neither showed changes in Rac 1 localiza- 
tion nor in Racl activity when compared to control condition 
(Figure 5, B, E-G). In contrast, application of F/R dramatically 




AKAP12 
AKAP220 

B-actin 



Time (min) 




Figure 4. siRNA-mediated AKAP12 and AKAP220 knockdown significantly impaired endothelial barrier function. (A) Barrier function 
of subconfluent MyEnd cells was monitored by TER measurements following transfection with siRNA specific for AKAP12 and AKAP220. Non- 
targeting siRNA was used as a control. The results were compared to cells treated with TAT-Ahx-AKAPis inhibitory peptide. AKAP12 and AKAP220 
depletion lead to a significant decrease in TER compared to monolayers transfected with n.t. siRNA. Similar, but more prominent, was the effect 
obtained after TAT-Ahx-AKAPis application. Data were collected from three or more independent experiments (N >3, n >12). (B) To test the role of 
specific AKAPs on cAMP-mediated endothelial barrier formation, TER measurements in cells treated with F/R, 48 hours after successful AKAP- 
depletion were performed; (n>10). (C) AKAP12 and AKAP220 knockdown was confirmed by Western blot, 48 hours after transfection. B-actin was 
used as an internal gel-loading control. (D) Western blot data were analyzed densitometrically. Normalized intensities for AKAP signals are presented 
as a bar graph. Data were collected from more than three independent experiments (N >3). * psO.05, **p<0.01 and ***p£0.001 indicate statistically 
significant difference between the examined group and n.t. siRNA; # psO.05 shows statistically significant difference between AKAP12 siRNA and 
AKAP220 siRNA upon treatment with F/R. The difference was significant starting at 1500 min. 
doi:1 0.1 371/journal.pone.01 06733.g004 
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enriched the staining of Racl at the membrane (Figure 5, D-E). 
Consistent with the immunofluorescence analysis, F/R caused a 
significant increase of Racl activity in both cell types (for 
HDMEC, F/R: 148±5% and for MyEnd, F/R: 139±14%; 
Figure 5 F-G). In HDMEC, the latter was approximately 48% 
more than the activity determined in controls or scrambled-treated 
ceUs (vehicle: 100%; TAT-Ahx-mhK77:99±3%). The efiect in 
MyEnd cells was similar, but slightly smaller (more than 33%), 
(vehicle: 100%; scrambled: 105±3% (n.s.)). ELISA-based Racl 
activity measurements also demonstrated that peptide-apphcation 
significantly reduced Racl activity to 83±2% of control conditions 
in HDMECs and 71 ±6% in MyEnd cells (Figure 5 F-G). 



To further evaluate the effect of specific AKAPs on Racl 
activity, we silenced AKAP12 or AKAP220 by siRNA and 
assessed Racl activity 48 hours after knockdown in MyEnd cells. 
Neither down-regulation of AKAP12 and/or AKAP220 mRNA 
alone nor parallel silencing of both AKAPs altered basal Racl 
activity (Figure 6, A). Nevertheless, cAMP-mediated Racl activa- 
tion was significantly reduced in cells simultaneously depleted for 
AKAP12 and AKAP220 but not in cells in which only one of the 
two AKAPs was silenced (Figure 6, A). Effective mRNA down- 
regulation was validated by Western blot (Figure 6, B). 




Figure 5. TAT-Ahx-AKAPis reduced Racl activity. HDMEC monolayers grown on glass coverslips were subjected to immunostaining with anti- 
Racl antibody. (A) In controls, Racl was partially present along cell borders (arrows). (B) Similar Racl staining was observed after application of TAT- 
Ahx-mhK77. (C) In contrast, treatment with TAT-Ahx-AKAPis strongly reduced Racl membrane staining and induced re-localization of the molecule to 
the cytoplasm. (D) However, the cAMP enhancers F/R led to pronounced and intensified Racl membrane staining. Images are representative of three 
or more experiments (Na3). Scale bar = 20 |im. (E) Quantification of the signal intensity distributed along cell-cell junctions supported the above 
mentioned observations. In order to summarize all experiments, data were presented as percent of control (Na^nalO). (F) In HDMEC, ELISA-based 
measurements revealed a significant decrease of Racl activity in response to 1 hour treatment with TAT-Ahx-AKAPis. Application of F/R also 
significantly increased Racl activity when compared to control. As expected, TAT-Ahx-mhK77 administration had no effect on Racl activity. (G) The 
effects observed in IVlyEnd cells were similar. In agreement with TER, the effect of TAT-Ahx-AKAPis inhibitory peptide was evident later. Therefore, the 
MyEnd samples were collected 6 hours after peptide application. The results are representative of three independent experiments (N = 3, n >6). * 
defines statistically significant difference; * p<0.05, ** psO.05, *** psO.OOl. n.s. not significant. 
doi:l 0.1 371/journal.pone.Ol 06733.g005 
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Figure 6. Simultaneous itnoclcdown of AKAP12 and AKAP220 mRNA impaired cAMP-medlated Rac1 activation. (A) Subconfluent 
monolayers of MyEnd cells were transfected either with single AKAP siRNA or with a pool of AKAP1 2 and AKAP220 specific siRNAs. Basal Raci activity 
was tested 48 hours after initial siRNA depletion. For evaluation of cAMP-mediated Raci activation, transfected cells were subjected to F/R for 1 hour. 
Non-target siRNA (n.t. siRNA) alone or in combination with F/R (1 hour) was used as a respective control. Bars represent mean values ± SEM. Basal 
activity of Raci was unaffected after single or combined silencing of AKAPs. In contrast, cAMP-mediated Raci activation was significantly impaired 
following simultaneous AKAP12 and AKAP220 mRNA knockdown. (B) Successful knockdown was verified by Western blot 48 hours after initial siRNA 
transfection; R-actin was used as an internal gel-loading control. ** indicates psO.01 versus cells transfected with n.t. siRNA treated for an hour with 
F/R. 

doi:1 0.1 371 /journal.pone.01 06733.g006 



TAT-Ahx-AKAPis treatment increased hydraulic 
conductivity (Lp) of single perfused rat postcapillary 
venules in vivo 

To investigate whetlier the application of TAT-Ahx-AKAPis 
also affects microvascular barrier properties in vivo, we applied 
the single microvessel perfusion technique [27] in rat mesentery 
postcapillary venules. Intact microvessels were constantly perfused 
either with TAT-Ahx-AKAPis or with vehicle solution and 
hydraulic conductivity was measured every 10 min. No significant 
Lp differences of TAT-Ahx-AKAPis-treated and control vessels 
were monitored within the first 60 min (Figure 7, A and B). 
However, Lp increased starting 60 min after TAT-Ahx-AKAPis 
addition. After 120 min of treatment, Lp of TAT-Ahx-AKAPis- 
perfused vessels reached a mean value of 4.57±0.91xl0 '[cm/ 
(s xcm HjO)]) which was significantly higher compared to controls 
(2.53±0.47xl0"' [cm/(sxcm H2O)]), (Figure 7, B). Thus, TAT- 
Ahx-AKAPis impaired microvascular endothelial barrier proper- 
ties both in vivo and in vitro. 



Discussion 

The goal of the current report was to study in more details the 
mechanisms underlying cAMP-mediated regulation of endothehal 
barrier properties. Specifically, we examined the functional 
relevance of AKAPs which on one hand are well established to 
tightly regulate PKA function by facilitating its discrete cellular 
compartmentalization, and on the other hand are known to form 
multivalent complexes to integrate cAMP signaling with various 
other pathways. We provided evidence that AKAPs are required 
for maintenance of microvascular endothelial barrier integrity 
both in vivo and in vitro under resting conditions. We also 
showed that under resting conditions AKAPs are relevant for 
correct signal transduction because Raci activity was decreased 
following inhibition of PKA-AKAP anchoring. Particularly, we 
also found that AKAP12 and AKAP220 are involved in regulation 
of endothelial barrier function. Further examinations revealed that 
simultaneous down-regulation of AKAP12 and AKAP220 expres- 
sion impaired F/R-mediated Raci activation. We also demon- 
strated that AKAP12, but not AKAP220, is important for 
subsequent cAMP-mediated endothelial barrier improvement. 
Finally, we showed that AKAP220 forms a complex with PKA, 
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Figure 7. TAT-Ahx-AKAPis application increased hydraulic conductivity (Lp) in rat mesenteric microvesseis in vivo. Hydraulic 
conductivity (Lp) of isolated post-capillary microvesseis from rat mesentery vj/as monitored over time. (A) displays data from a representative vessel 
constantly perfused either with vehicle or with TAT-Ahx-AKAPis. (B) Bar diagram summarizes the mean values of all five independent experiments. 
120 min after TAT-Ahx-AKAPis perfusion, Lp was significantly increased to 4.57 ±0.91 xlO^' [cm/(sxcm H2O)] compared to the corresponding vehicle 
condition (2.53+0.47x10"' [cm/(sxcm H2O)]). *indicates p£0.05 versus control condition; N = 5. 
doi:10.1371/journal.pone.0106733.g007 



B-cateniii and VE-cadherin, and therefore can spatially link cAMP 
signaling to endothelial adherens junctions. 

cAMP signaling needs to be compartmentalized to exert 
barrier protective effects 

cAMP is well established to be important for barrier formation 
and maintenance [7,33]. Furthermore, a variety of barrier 
destabilizing mediators decrease cAMP levels leading to increased 
permeability [26,31,43]. This decrease in cAMP can be initiated 
by a rapid Ca^"'"-influx [26,33,44] which subsequently may inhibit 
AC activity [45]. Downstream of cAMP, Racl is an important 
signaling molecule for barrier stabilization [7,35,46]. Two distinct 
signaling pathways involving on one hand PKA and on the other 
hand Epacl/Rapl have been shown to merge on and activate 
Racl [47]. Racl via a plethora of mechanisms [35,40,46] induces 
cortical actin remodeling and reorganization of intercellular 
junctions which ultimately alfects paracellular permeability 
[1,34]. Not surprisingly, it is important where in the cell cAMP 
is generated in order to provide barrier protective elfects [48]. 
cAMP generated by membrane-attached AGs is protective, 
whereas cAMP increased by a soluble AC is not. The latter in 
contrast increases permeability [49]. Thus, to provide distinct 
effects, cAMP signaling needs to be tighdy regulated in space and 
time. Beside ACs, other key players involved in this regulation are 
PDEs, which locaUy hydrolyze cAMP [50]. Similarly, AKAPs 
facilitate compartmentalization of PKA signaling downstream of 
cAMP. Our data provide a mechanism, by which the function of 
PKA can be directed to cell junctions. 

AKAPs are essential for maintenance and stabilization of 
endothelial barrier properties 

Under resting conditions, TAT-Ahx-AKAPis destabilized bar- 
rier functions both in vitro and in vivo. This effect was 
qualitatively similar in two microvascular cell types and postcap- 
illary venules, indicating that AKAP function is an important 
factor for endothelial barrier maintenance. Similar to our 
observation, a recent study demonstrated that low expression of 
AKAP 12 may lead to blood-retinal barrier dysfunction [21]. 
Further investigations in this direction reported the role of 
AKAP 1 2 in maintenance of the vascular integrity by modulation 



of the actin cytoskeleton dynamic through PAK2 and AF6 [20]. 
Another member of the AKAP-family, i.e. AKAP9 was also 
discovered to be required for microtubule growth, integrin 
adhesion at cell-cell borders and endothelial barrier function via 
Epacl -dependent pathway [51]. Thus, besides PKA, AKAPs can 
also be associated with Epacl [51,52]. Therefore, AKAPs may 
serve as coordinators not only of PKA- but also of Epac 1 - induced 
regulation of endothelial barrier properties [52] . 

Furthermore, we found that inhibition of AKAP function via 
TAT-Ahx-AKAPis also interfered with barrier stabilization in 
response to increased cAMP. In HDMEC, this approach was 
effective to revert F/R-induced barrier stabilization. In line with 
that, earlier we reported that incubation with a cell permeable 
PKA inhibitor blocked the F/R-mediated increase in TER [36]. 
Herein, we also showed that depletion of AKAP 12 but not of 
AKAP220 significantly decreased cAMP-mediated endothelial 
barrier integrity as examined by TER (Figure 4). Moreover, 
simultaneous depletion of AKAP 12 and AKAP220 but not of a 
single AKAP impaired cAMP-mediated Rac 1 activation (Figure 6) 
which is indicative for a redundant function of those AKAPs in the 
regulation of Racl activity. Taken together, these results also 
demonstrate that AKAP 12 may interfere with cAMP-mediated 
endothelial barrier stabilization in a manner which at least in part 
is independent of Rac 1 (because AKAP 1 2 down- regulation did 
not alter Racl activation). In agreement with this presumption is 
our recent study revealing that F/R- induced Racl activation and 
barrier augmentation were not affected by the Racl inhibitor 
NSC-23766. Therefore, we argue that GTPases other than Racl 
may also account for the F/R- induced enhancement of 
endothelial barrier properties [34] . Additionally, one can speculate 
that besides Racl, AKAP 12 may take part in different cAMP- 
induced signaling pathways involved in endothelial barrier 
stabilization. In this respect, a recent study determined AKAP12 
molecule as a dynamic platform for signal transduction complex- 
ing a number of signaling molecules such as PKA, PKC, 
calmodulin, F- actin and B-adrenergic receptors [53]. 

Similar to AKAP 12, we also showed that depletion of 
AKAP220 impaired the function of the endothelial barrier in 
MyEnd cells. However, the effect of silencing specific AKAPs was 
less prominent than the one observed upon TAT-Ahx-AKAPis 
application (Figure 4). This supports the idea that several AKAPs 
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including AKAP220 and AKAP12 are involved in modulation of 
endothelial barrier function. 

AKAP220 contributed to endothelial barrier integrity by 
forming a multivalent complex that links cAMP signaling 
to adherens junctions 

Besides PKA anchoring, several AKAPs were found to act as 
scaffolding proteins thereby participating in various signal 
transduction processes. Formation of multivalent complexes 
provides a high level of specificity and temporal regulation to 
cAMP/PKA signaling [17]. As mentioned above, we examined 
the role of AKAP220 which was already reported to organize 
multivalent complexes. In this respect, AKAP220 was shown to 
form a complex with IQGAP 1 and E-cadherin in MCF-7 cells and 
to link cAMP signaling to cell adhesion [25]. Furthermore, recent 
investigations provided evidence that AKAP220 forms a complex 
with IQGAP2 that favors PKA-dependent recruitment of Racl to 
strengthen cortical actin [24]. Thus, AKAP220 not only provides 
substrate sp(;('ificity by tight subcellular localization of PKA, but 
also regulates and restricts the activity of several effectors which 
are part of this complex [24,54,55,56]. Similar to AKAP79/150, 
which was found to localize on the cell membrane and to assemble 
a ternary complex with E-cadherin and fi-catenin in epithelial cells 
[57], we detected AKAP220 to co-immunoprecipitate with VE- 
cadherin and B-catenin as well as to localize at cell borders similar 
to VE-cadherin, PKA and Rac 1 in microvascular endothelial cells 
(Figure 2 and 3). Moreover, we demonstrated that F/R- mediated 
endothelial barrier stabilization was paralleled by increased 
membrane localization and association of PKA with AKAP220 
and VE-cadherin in a complex. The latter observations are 
consist(;nt with the idea that cAMP via PKA may allow 
compartmentalized Racl activation close to adherens junctions 
and the cortical actin cytoskeleton. This may be physiologically 
relevant because TAT-Ahx-AKAPis induced prominent cytoskel- 
etal rearrangement and VE-cadherin interdigitation under condi- 
tions of a destabilized endothelial barrier. These effects were 
associated with decreased PKA, AKAP220, and Racl membrane 
staining, as well as reduced Racl activity (Figure 2 and 5). 
Additionally, TAT-Ahx-AKAPis decreased the association of 
AKAP220, VE-cadherin and f5-catenin with PKA demonstrating 
that AKAPs are required to localize PKA to endothelial adherens 
junctions (Figure 3). Consistent with our assumptions is a study 
demonstrating that PKA, Epacl, PDE4D and AKAP79 are 

References 

1. Mchta D, Malik AB {2006} Signaling mechanisms regulating endothelial 
permeability. Physiological reviews 86: 279—367. 

2. Cinel I, DeUinger RP (2007) Advances in pathogenesis and management of 
sepsis. Current opinion in infectious diseases 20: 345-352. 

3. Aird WC (2007) Phenotypic heterogeneity of the endothelium: I. Structure, 
function, and mechanisms. Circulation research 100: 158-173. 

4. Drenckhahn D, Ness W (1997) The endothelial contractile cytoskeleton In: 
Vascular Endothelium: Physiology, Pathology, and, Therapeutic, Opportunities, 
editors. Stuttgart, Germany: Schattauer. 1—2^. 

5. Wojeiak-Stothard B, Ridley AJ (2002) Rho (i'fPascs and the regulation of 
endothelial permeability. Vascular pharmacology" 39: 187-199. 

6. tioshi S, Ohyama C, Hagisawa S, Ono K, Satoh M, et al. (2003) Complete 
regression of bone metastases on super bone scan, by low-dosc cisplatin, UFT, 
diethylstilbestrol diphosphate, and dexamethasone in a patient with hormone- 
refractory prostate cancer. International journal of clinical oncology 8: 1 18— 120. 

7. Schlegel N, Waschke J (2013) cAMP with other signaling cues converges on 
Racl to stabilize the endothehal barrier- a signaling pathway compromised in 
inflammation. Cell and tissue research. 

8. Qiao J, Huang F, Lum H (2003) PKA inhibits RhoA activation: a protection 
mechanism against endothelial barrier dysfunction. American journal of 
physiology Lung cellular and molecular physiology 284: L972-980. 

9. Wong W, Scott JD (2004) AKAP signalling complexes: focal points in space and 
time. Nature reviews Molecular cell biology 5: 959—970. 



recruited to VE-cadherin-based complexes in response to cell-cell- 
contact formation [37]. 

In conclusion, we showed that AKAPs, and specifically 
AKAP12 and AKAP220, contribute to regulation of microvascu- 
lar endothelial barrier function in Racl- dependent and — 
independent manner. Our data also indicate that AKAP220 
forms a multivalent protein complex linking cAMP signaling to 
adherens junctions. 

Supporting Information 

Figure SI TAT-Ahx-AKAPis interfered with endothelial 
barrier function in MyEnd cells. (A) shows TER time courses 
for different conditions applied in MyEnd cell monolayers. In 
comparison to control and TAT-Ahx-mhK77- treated endothelial 
cells, monolayers subjected to TAT-Ahx-AKAPis significantly 
decreased TER over time. The effect was slower than in HDMEC 
cells but prominent approximately 600 min after initial applica- 
tion. Moreover, in vehicle and TAT-Ahx-mhk77- treated 
monolayers F/R aj)[)iii ati()n led to a progressive TER increase 
over time. In contrast, TER in TAT-Ahx-AKAPis- pretreated 
monolayers transiently increased after addition of F/R but 
declined afterwards to finally reach values similar to control 
conditions after 450 min. (B) outlines the results after 800 min, the 
time point at which the monitored effects reached their peaks. 
Data were collected from more than three independent experi- 
ments (N >3). * p<0.05 and *** p<0.001 indicate statistically 
significant difiference between examined groups; n.s., not signifi- 
cant. 
(TIF) 

Acknowledgments 

Wc arc gralcrul to John ScolL for providing an AK_.\P220 anlibod)-. W'c 
thank Xadja Nicdcrincicr, Andrea Wehmeyer, Tetjana Frantzcskakis and 
Veronica Hcimbach lor their skilful technical assistance; Angela Wolfel for 
her help in manuscript editing. 

Author Contributions 

Conceived and designed the experiments: MYR J\V. Performed the 
experimenls: MYR DK V.S. Analyzed the data: MYR. Contributed to the 
writing of the manuscript: MYR JA'V. Carried out the statistical analysis: 
MYR. Contributed Lo conlocal imaging; MYl^ DK VS. Performed all 
experiments involving siRNA-mediated gene silencing; DK. Read and 
approved the final version of the manuscript: MYR DK VS JW. 



10. Bauman AL, (ioehring AS, Scott JD (2004) Orchcstralion ol synaptic plasticity 
through Af^AP signaling complexes. Neuropharmacology 46: 299—310. 

f f . Dodge KL, Khouangsathiene S, KapilofiTMS, Mouton R, HiU EV, et af. (2001) 
mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling 
module. The EMBO journal 20: f92f-f930. 

12. Tasken KA, CoUas P, Kemmner WA, Witczak O, Conti M, et al. (2001) 
Phosphodiesterase 4D and protein kinase a type II constitute a signaling unit in 
the centrosomai area. Thejoumaf of biofogicaf chemistry 276: 2 f 999-22002. 

f3. Dodge-Kafka KL, SoughayerJ, Pare GC, Carfisfc Michef JJ, Langeberg LK, et 
al. (200,')) The protein kinase A anchoring protein mAf^AP coordinates two 
integrated cAMP effector pathways. Nature 437: 574-578. 

14. Bauman AL, Soughayer J, Nguyen B T, VViUoughbv D, C^.arne,gie (jK, et al. 
(2006) Dynamic regulation of cA^IP synthesis through anchored PICA-adenylyf 
cycfase V/VI compfexes. Molecular ceff 23: 925-931. 

15. Dessauer CW (2009) Adenyfyf cycfase- A-ldnase anchoring protein complexes: 
the next dimension in cAMP signafing. Molecular pharmacology 76: 935—941. 

f 6. KapiiofiTMS, Piggott LA, Sadana R, Li J, Heredia LA, et al. (2009) An adenyfyf 
cycfase-mAKAPbeta signafing compfex regufates cAMP fevefs in cardiac 
myocytes. Thejoumaf of biofogicaf chemistry 284: 23540-23546. 

17. Tasken K, Aandahl EM (2004) Localized effects of cAMP mediated by distinct 
routes of protein kinase A. Physiofogieal reviews 84: 137-167. 

18. Faruque OM, Le-Nguyen D, liijoix AD, Vives E, Petit P, et af. (2009) GeU- 
permeabfe peptide-based disruption of endogenous PICA-AKAP compfexes: a 



PLOS ONE I www.plosone.org 



13 



September 2014 | Volume 9 | Issue 9 | el 06733 



AKAPs in Endothelial Barrier Regulation 



tool for studying thr molecular roles of AKAP- mediated PKA subcellular 
anchoring. American journal of physiology Cell physiology 296: C306— 316. 

19. Duchardt F, Fotin-Mleczek M, Schwarz H, Fischer R, Brock R (2007) A 
comprehensive model for the cellular uptake of cationic cell-penetrating 
peptides. Traffic 8: 848-866. 

20. Kwon HB, Choi YK, Lim JJ, Kwon SH, Her S, et al. (2012) AKAP 12 regulates 
vascular integrity in zebrafish. Experimental & molecular medicine 44: 225—235. 

21. Choi YK, KimJH, Kim WJ, Lee HY, ParkJA, et al. (2007) AKAP12 regulates 
human blood-retinal barrier formation by downregulation of hypoxia-inducible 
factor- 1 alpha. The Journal of neuroscience : the official journal of the Society for 
Neuroscicnce 27: 4472-4481. 

22. Barth N LA, Fisslthaler B., Fleming I (2009) Interfering with the association of A 
Kinase Anchoring Proteins (AKAPs) to PKA prevents the fluid shear stress 
induced phosphorylation of ENOs in endothelial cells. Acta Physiologica 2009, 
Volume 195, Supplement 669, The 88th Annual Meeting of the German 
Physiological Society, Giessen, Germany. 

23. Jarnaess E, Tasken K (2007) Spatiotemporal control of cAMP signalling 
processes by anchored signalling complexes. Biochemical Society transactions 
35: 931-937. 

24. Logue JS, Whiting JL, Tunquist B, Langeberg LK, Scott JD (2011) Anchored 
protein kinase A recruitment of active Rac GTPase. The Journal of biological 
chemistry 286: 221 13-22121. 

25. Logue JS, Scott JD (2009) AKAP220 links the cAMP signaling pathway to cell 
adhesion. FASEB J, April 2009, 23, Meeting Abstract, 530 10. 

26. Baumer Y, Spindler V, Wertiimann RC, Bunemann M, Waschke J (2009) Role 
of Rac 1 and cAMP in endothelial barrier stabilization and thrombin-induced 
barrier breakdown. Journal of cellular physiology 220: 716-726. 

27. Waschke J, Baumgartner W, Adamson RH, Zeng M, Aktories K, et al. (2004) 
Requirement of Rac activity for maintenance of capillary endothelial barrier 
properties. American journal of physiology Heart and circulatory physiology 
286: H394^01. 

28. Adamson RH, Curry FE, Adamson G, Liu B, Jiang Y, et al. (2002) Rho and rho 
kinase modulation of barrier properties: cultured endothelial cells and intact 
microvessels of rats and mice. The Journal of physiology 539: 295-308. 

29. Baumer Y, Drenckhahn D, Waschke J (2008) cAMP induced Rac 1 -mediated 
cytoskeletal reorganization in microvascular endothelitun. Histochemistry and 
ceU biology 129: 765-778. 

30. Bradford MM (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Analytical biochemistry 72: 248-254. 

31. Schlegel N, Baumer Y, Drenckhahn D, Waschke J (2009) Lipopolysaccharide- 
induced endothelial barrier breakdown is cyclic adenosine monophosphate 
dependent in vivo and in vitro. Critical care medicine 37: 1735—1743. 

32. Michel CC, Mason JC, Curry FE, Tooke JE, Hunter PJ (1974) A development of 
the Landis technique for measuring the filtration coefficient of individuEd 
capillaries in the fi^og mesentery. Quarterly journal of experimental physiology 
and cognate medical sciences 59: 283—309. 

33. Michel CC, Curry FE (1999) Microvascular permeability. Physiological reviews 
79: 703-761. 

34. Spindler V, Peter D, Harms CiS, Asan E, Waschke J (2011) Ultrastructural 
Analysis Reveals cAMP-Dcpcndent Enhancement of Microvascular Endothelial 
Barrier Functions via Rac 1 -Mediated Reorganization of Intercellular Junctions. 
The American journal of patiiology 178: 2424-2436. 

35. Spindler V, Schlegel N, Waschke J (2010) Role of GTPases in control of 
microvascular permeability. Cardiovascular research 87: 243-253. 

36. Schlegel N, Waschke J (2009) VASP is involved in cAMP-mediated Rac 1 
activation in microvascular endothelial cells. American journal of physiology 
Cell physiology 296: C453^62. 

37. Rampcrsad SN, Ovens JD, Huston E, Umana MB, Wilson LS, et al. (2010) 
Cychc AMP phosphodiesterase 4D (PDE4D) Tethers EPACl in a vascular 
endothelial cadherin (VE-Cad)-based signaling complex and controls cAJVIP- 
mediated vascular permeability. The Journal of biological chemistry 285: 
33614-33622. 



38. Michel JJ, Scott JD (2002) AKAP mediated signal transduction. Aimual review 
of pharmacology and toxicology 42: 235-257. 

39. Reinton N, Gollas P, Haugen TB, Skalhegg BS, Hansson V, et al. (2000) 
Localization of a novel human A-kinase-anchoring protein, hAKAP220, during 
spermatogenesis. Developmental biology 223: 194—204. 

40. Schlegel N, WaschkeJ (2010) Vasodilator-stimulated phosphoprotein: crucial for 
activation of Rac 1 in endothelial barrier maintenance. Cardiovascular research 
87: 1-3. 

41. WaschkeJ, Drenckhahn D, Adamson RH, Curry FE (2004) Role of adhesion 
and contraction in Rac 1 -regulated endothelial barrier function in vivo and 
in vitro. American journal of physiology Heart and circulatory physiology 287: 
H704-711. 

42. Schlegel N, Burger S, Golenhofen N, Walter U, Drenckhahn D, et al. (2008) 
The role of VASP in regulation of cAMP- and Rac 1 -mediated endothelial 
barrier stabilization. American journal of physiology Cell physiology 294: C 1 78— 
188. 

43. Schlegel N, WaschkeJ (2009) Impaired integrin-mediated adhesion contributes 
to reduced barrier properties in VASP-delicient microvascular endothelium. 
Journal of cellular physiology 220: 357-366. 

44. Werthmann RC, von Hayn K, Nikolacv VO, Lohse MJ, Bunemann M (2009) 
Real-time monitoring of cAMP levels in living endothelial cells: thrombin 
transiently inhibits adenylyl cyclase 6. The Journal of physiology 587: 4091— 
4104. 

45. Cioffi DL, Moore TM, Schaack J, Crcighton JR, Cooper DM, et al. (2002) 
Dominant regulation of interendothelial cell gap formation by calcium-inhibited 
type 6 adenylyl cyclase. Thejournal of cell biologN' 157: 1267-1278. 

46. Beckers CM, van Hinsbergh VIV, van Nieuw Amerongen GP (2010) Driving 
Rho GTPase activity in endothelial cells regulates barrier integrity. Thrombosis 
and haemostasis 103: 40-55. 

47. Birukova AA, Burdette D, Moldobaeva N, Xing J, Fu P, et al. (2010) Rac 
GTPase is a hub for protein kinase A and Epac signaling in endothelial barrier 
protection by cAMP. Microvascular research 79: 128—138. 

48. Fischmeister R (2006) Is cAMP good or bad? Depends on where it's made. 
Circulation research 98: 582-584. 

49. Sayner SL, Alexeyev M, Dessauer CW, Stevens T (2006) Soluble adenylyl 
cyclase reveals the significance of cAMP compartmentation on pulmonary 
microvascular endothelial cell barrier. Circulation research 98: 675-681. 

50. Rich TC, Fagan KA, Tse TE, Schaack J, Cooper DM, et al. (2001) A uniform 
extracellular stimulus tr%gers distinct cAMP signals in different compartments of 
a simple cell. Proceedings of the National Academy of Sciences of the United 
States of America 98: 13049-13054. 

51. Sehrawat S, Ernandez T, CuUere X, Takahashi M, Ono Y, et al. (201 1) AKAP9 
regulation of microtubule dynamics promotes Epacl-induced endothelial barrier 
properties. Blood 117: 708-718. 

52. Oldenburger A, Maarsingh H, Schmidt M (2012) Multiple facets of cAMP 
signalling and physiological impact: cAMP compartmentalization in the lung. 
Pharmaceuticals 5: 1291-1331. 

53. Choi YK, Kim KW (2008) AKAP12 in astrocytes induces barrier functions in 
human endothelial ceUs through protein kinase Czeta. The FEBS journal 275: 
2338-2353. 

54. SchUlace RV, Scott JD (1999) Association of the type 1 protein phosphatase PPl 
with the A-kinase anchoring protein AICAP220. Current biology : CB 9: 321- 
324. 

55. Schillace RV, Voltz JW, Sim AT, Shenolikar S, Scott JD (2001) Multiple 
interactions within the AKAP220 signaling complex contribute to protein 
phosphatase 1 regulation. The Journal of biological chemistry 276: 12128— 
12134. 

56. Tanji C, Yamamoto H, Yorioka N, Kohno N, Kikuchi K, et al. (2002) A-kinase 
anchoring protein AKAP220 binds to glycogen synthase kinase-3beta (GSK- 
3beta ) and mediates protein kinase A-dcpcndent inhibition of GSK-3beta. The 
Journal of biological chemistry 277: 36955-36961. 

57. GorskiJA, Gomez LL, Scott JD, DeU'Aequa ML (2005) Association of an A- 
kinase-anchoring protein signaling scaffold with cadherin adhesion molecules in 
neurons and epithelial cells. MoIccuIeu" biology of the cell 16: 3574—3590. 



PLOS ONE I www.plosone.org 



14 



September 2014 | Volunne 9 | Issue 9 | e106733 



